Epileptic spasms are seizures characterized by clusters of short contractions typically involving the head, trunk, and extremities. Previously called infantile spasms, epileptic spasms is the preferred term because they can occur or persist beyond infancy. Epileptic spasms can occur in isolation or as part of West syn-drome, which is the triad of epileptic spasms, an electroencephalogram (EEG) pattern of hypsarrhythmia, and developmental arrest. Epileptic spasms are referred to as symptomatic if associated with an underlying condition (e.g., tuberous sclerosis, Down syndrome, or brain injury) or as having an unknown cause when no underlying etiology can be determined. In rare cases, there may be no underlying etiology and the spasms are a transient manifestation of a neurophysiologic immaturity that resolves readily with treatment such as adrenocorticotropic hormone or vigabatrin, without any subsequent adverse outcome (idiopathic epileptic spasms) (1, 2) . However, in many patients, this condition is neurologically and developmentally devastating because clusters of hundreds of spasms occur each day.
PET Imaging. PET can play an important role in the evaluation of children with epileptic spasms, particularly when there is no known cause (3, 4) . Epileptic spasms, because of their bilateral and relatively symmetric clinical semiology, have traditionally been classified as a form of generalized seizure. However, after the study by Chugani et al. (4) , it became apparent that in a subset of patients, epileptic spasms may be a form of secondary generalized seizure propagating from cortical lesions not always apparent on MR imaging but readily appreciated on 18 F-FDG PET scans ( Fig. 1) . In that report, unilateral cortical areas of glucose hypometabolism were demonstrated in 5 children with intractable epileptic spasms (normal MR imaging results in 4/5). Four of these 5 children underwent resection of the cortical areas of glucose hypometabolism, guided by intracranial electrocorticography, resulting in freedom from seizures or improvement of seizure control. Neuropathologic examination of the resected brain tissue showed cortical dysplasia. A subsequent study on a large number of patients with spasms (n 5 140) found that among the 97 cases classified as "spasms with unknown causes," 95% showed uni-or multifocal areas of cortical metabolic abnormalities (5) . Four different patterns of 18 F-FDG hypometabolism were observed: unifocal in 20% of these children, multifocal in 65%, diffuse in 5%, and bitemporal hypometabolism in 10% (5) . The unifocal PET abnormalities are believed to be due to underlying cortical dysplasia. The recognition that a subset of patients with intractable epileptic spasms may harbor a potentially resectable focal lesion has changed the general nonsurgical therapeutic approach in these patients by trying to identify these surgical candidates to improve their outcome. 18 F-FDG PET may show a wider area of hypometabolism or may show a combination of hypo-and hypermetabolism when an infant is studied during active spasms, compared with an interictal state. Therefore, in potential surgical candidates, ictal PET studies may overestimate the epileptogenic zone. The surgical removal of focal brain lesions not only leads to cessation of the spasms but also to improved neurocognitive outcome (3, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Occasionally, patients with a multifocal pattern can also be considered for palliative surgery, if most of the seizures originate from a single region, with improved quality of life but guarded developmental outcome (17) . On the other hand, the diffuse metabolic pattern is likely associated with underlying metabolic, genetic, or neurodegenerative pathology. Interestingly, some children show bitemporal hypometabolism and a distinct clinical phenotype characterized by severe developmental delay, particularly in the language domain, and autism or pervasive developmental disorder (18) . These children are unlikely surgical candidates and should be explored with alternative therapeutic options.
SPECT Imaging. Interictal SPECT studies have shown perfusion abnormalities ranging from cortical hypoperfusion (19) (20) (21) (22) (23) (24) to cortical hyperperfusion (19) . Ictal SPECT has shown areas of cortical hyperperfusion, with occasional hyperperfusion of the subcortical structures (20, 21) .
PET and SPECT can also shed some light on the possible pathomechanism of epileptic spasms, particularly regarding the probable origin and propagation of electrical events responsible for spasms. For example, these patients may show a focal cortical hypometabolism along with prominent glucose metabolism in the lenticular nuclei and brain stem, suggesting complex cortical-subcortical interactions ( Fig. 1) (25) . Basal ganglia and brain stem involvement likely suggests their role in the secondary generalization of focal cortical discharges, resulting in spasms. It appears that the spasms result primarily from focal or diffuse cortical abnormalities interacting with the brain stem and lenticular nuclei and that this type of generalization accounts for the bilateral motor involvement and relative symmetry of most spasms even in the presence of a discrete focal lesion (25) . It is hypothesized that during a critical stage of brain development (beginning at about 3 mo, when cortical maturation becomes evident on 18 F-FDG PET scans), the primary cortical focus interacts through its epileptic discharges with brain stem structures, particularly the raphe nuclei, which have strong cortical projections. The raphe-cortical and corticocortical propagation may be responsible for the EEG feature of hypsarrhythmia. The raphe nuclei also have projections to the striatal region (bilateral putamen), and these pathways may activate descending spinal pathways bilaterally to result in the bilateral and relatively symmetric clinical semiology of epileptic spasms. Recent studies using a combination of interictal and ictal SPECT also found ictal hyperperfusion of a cortical lesion and basal ganglia, supporting the notion that secondary generalization from a cortical focus may account for the spasms (26, 27) . The finding of localized cortical perfusion defects in some children with West syndrome confirms that focal cortical lesions play an important role in its development (28) . Interestingly, in infants, hyperperfusion has been found interictally in the area of cortical dysgenesis and appears to be specific for this young population (22, 28) . These findings corroborate the notion that infantile spasms result from complex cortical-subcortical interaction, with age and brain maturity playing an important role. Rapid involvement of the basal ganglia and brain stem likely results in the secondary generalization of a seemingly partial seizure arising from a focal cortical lesion (25) ; however, what leads to this interaction has yet to be determined.
Tuberous Sclerosis
Tuberous sclerosis complex is an autosomal-dominant multiorgan disorder characterized by the development of nonmalignant tumors or tubers in various organs, including the brain. Epilepsy develops in 80%-90% of these patients, in some as early as infancy (29, 30) , and the epilepsy becomes intractable in 50%-80% of cases. Because intractable seizures have a detrimental effect on neurocognitive development, these patients can potentially benefit from early epilepsy surgery (31) . However, usually it is difficult to localize the epileptogenic focus because of the multiplicity of cortical tubers, even though a single tuber may be epileptogenic, as indicated by surgical outcome studies showing good seizure outcome after resection of the suspected epileptogenic tubers and leaving the nonepileptogenic ones in place (32) (33) (34) (35) (36) . In these cases, radionuclide studies can play a valuable role by noninvasively lateralizing and localizing the epileptogenic tuber.
PET Imaging. 18 F-FDG PET can identify the cortical tubers, including smaller ones not visualized on T2-weighted MR imaging or even fluid-attenuated inversion recovery images (37) (38) (39) (40) (41) . Typically, cortical tubers are seen as multifocal areas of glucose hypometabolism ( Fig. 2) (42, 43) , which is hypothesized to be due to the decreased number of neurons and simplified dendritic pattern within the tubers, and hence less requirement for glucose; FIGURE 1. 18 F-FDG PET shows focal hypometabolism in right temporal cortex (thick arrow) in child with epileptic spasms and normal MR imaging findings. This child may be considered for focal cortical resection for possible seizure control and cognitive improvement. Bilateral hypermetabolism in basal ganglia (thin solid arrows) and brain stem nuclei (thin dashed arrows) likely implicates their role in spasm generation. 18 F-FDG PET (middle), and 11 C-AMT PET (right) in tuberous sclerosis patient with multiple brain tubers (enhancing lesions on FLAIR MR imaging), intractable epilepsy, and nonlocalizing scalp EEG. Although 18 F-FDG PET showed hypometabolism in all tubers and overlying cortices, interictal 11 C-AMT PET revealed increased 11 C-AMT uptake in left parietal tuber (arrow) only, which likely is epileptogenic, considering the almost 100% specificity of this test in detecting epileptogenic tubers. Most of the increased 11 C-AMT uptake is at edge (anteromedial in this case) of tuber, with remainder showing less 11 C-AMT uptake.
FIGURE 2. Fluid-attenuated inversion recovery (FLAIR) MR imaging (left),
however, the area of glucose hypometabolism is usually larger than the lesions seen on MR imaging (37) . Furthermore, 18 F-FDG PET allows detection not only of the cortical tubers but also of dysplastic cortex, which is frequently seen in these patients and may appear normal on MR imaging. Although 18 F-FDG PET cannot distinguish between epileptogenic and nonepileptogenic tubers, as all tubers appear hypometabolic, it can assess the full extent of functional abnormalities in the brain and evaluate the integrity of the homotopic cortex if surgical resection is planned, thereby predicting potential postoperative cognitive deficits.
Another PET tracer, 11 C-alphamethyl-L-tryptophan ( 11 C-AMT), has been found to be useful in this condition, as it shows increased tracer uptake, interictally, in epileptogenic tubers only ( Fig. 2 ) (37, 44, 45) , sometimes only at one edge and with some involvement of the adjacent apparently normal cortex, turning out to be dysplastic on histopathologic examination (33) . The increased 11 C-AMT uptake in the tubers appears to be due to the activation of the kynurenine pathway, leading to the production of quinolinic acid, a proconvulsant, in the tuber and dysplastic cortex (46) . 11 C-AMT PET with quantitative evaluation of lesional uptake levels can identify epileptogenic tubers in almost two thirds of children with tuberous sclerosis and intractable epilepsy and is almost 100% specific (37, 45, 46) . Tubers with at least a 10% increase in 11 C-AMT uptake appear to be invariably epileptogenic, and a cutoff threshold of 1.02 for the 11 C-AMT uptake ratio appears to provide 83% accuracy for detecting tubers that need to be resected to achieve a seizure-free outcome (33, 37) . The high specificity of increased 11 C-AMT uptake is also suggested by the good correlation between resection of epileptogenic tubers, showing increased 11 C-AMT uptake, and seizure outcome (33) . However, its sensitivity is suboptimal, likely depending on the underlying pathology and method of data analysis. It appears that MR imaging-based quantitative assessment can increase the sensitivity of 11 C-AMT PET to 79%, from 44% with visual assessment (47) . This greater sensitivity may be related to the fact that nonepileptic tubers show decreased 11 C-AMT uptake and that the epileptogenic ones with 11 C-AMT uptake that is relatively increased, but still close to the level in the surrounding normal cortex, may be missed on visual analysis.
The use of PET in tuberous sclerosis complex has also increased our understanding of the neurobehavioral phenotypes of tuberous sclerosis complex, including autism, attention deficit hyperactivity disorder, aggression, and cognitive impairment. These PET studies have expanded our understanding of the pathophysiology of autism in tuberous sclerosis complex, pointing to both cortical and subcortical dysfunction (48) . Autistic features consisting of stereotyped behavior, impaired social interaction, and communication disturbance have been found to be correlated with glucose hypermetabolism in the deep cerebellar nuclei and increased 11 C-AMT uptake in the caudate nucleus (48) . Further, compared with left-sided cerebellar lesions, right-sided cerebellar lesions have been observed to be associated with higher social isolation and with communicative and developmental disturbances (49) .
SPECT Imaging. SPECT can also play an important role in identifying epileptic tubers, by showing them hyperperfused during the ictal phase (36, 50, 51) . A good correlation has been reported between ictal SPECT and ictal scalp EEG (26, 51) . SISCOM (subtraction ictal SPECT coregistered to MR imaging; that is, the interictal SPECT images are subtracted from the ictal images and the results are displayed on coregistered MR images) further increases the usefulness of SPECT in identifying the epileptogenic zone and in guiding the location and extent of epilepsy surgery in children with tuberous sclerosis complex and multifocal abnormalities (50) . Complete resection of the SISCOM hyperperfusion abnormality has been found to be associated with seizure-free outcome. Several 123 I-iomazenil SPECT studies have found decreased g-aminobutyric acid receptor binding in and around cortical tubers (52, 53) , suggesting that benzodiazepine receptor expression is abnormal and that decreased neuronal inhibition may have a role in epileptogenicity in this condition.
Lennox-Gastaut Syndrome
Lennox-Gastaut syndrome is characterized by a triad of multiple seizure types including tonic seizures, developmental delay, and 1-to 2.5-Hz generalized slow spike and wave activity on EEG. These patients respond poorly to antiepileptic medication, and their neurocognitive outcome is generally poor. Radionuclide imaging can play an important role in prognostication, as well as treatment planning, in some of these patients (54) (55) (56) (57) (58) .
PET Imaging. 18 F-FDG PET has revealed 4 metabolic patterns in these patients: unilateral focal, unilateral diffuse, and bilateral diffuse hypometabolism, as well as normal glucose metabolism (54) . Patients with a unilateral focal pattern may occasionally be considered for cortical resection if there is good concordance between PET and ictal EEG findings (58) , although surgical outcome usually remains poor.
SPECT Imaging. Few SPECT imaging data are available for this condition. Interictal SPECT usually shows multiple areas of hypoperfusion (59) .
Sturge-Weber Syndrome (SWS)
SWS is a rare sporadic neurocutaneous syndrome characterized by facial cutaneous angioma (unilateral or bilateral port-wine stains) typically located in the distributions of the trigeminal nerve, associated with ipsilateral leptomeningeal angiomatosis and congenital glaucoma. The clinical course of SWS is variable. It may be clinically static but can be a progressive neurologic condition leading to mental retardation, hemiplegia, visual deficit, and intractable epilepsy, with seizures developing in almost 75%-90% of SWS children.
PET Imaging. Structural neuroimaging, such as CT and MR imaging, is usually used to establish the diagnosis of SWS and define the extent of the angioma, which may involve the entire hemisphere or portions of the hemisphere (often posteriorly); however, structural imaging usually underestimates the actual extent. Functional imaging, such as 18 F-FDG PET, frequently demonstrates a much larger area of abnormal cortex, extending beyond the abnormality seen on CT or MR imaging (60, 61) . On the other hand, in some cases 18 F-FDG PET may be better at predicting the functional status of brain that appears to be abnormal on MR imaging, thus providing information important not only for prognosis but also for planning any therapeutic intervention, such as surgery ( Fig. 3) . 18 F-FDG PET is also better at assessing the progression of the disease and provides some useful prognostic information. Generally, hypometabolism is seen on 18 F-FDG PET in the involved cortex; however, affected children may show a paradoxic pattern of increased glucose metabolism interictally in the cortex underlying the leptomeningeal angioma early in the course (60) . This pattern typically occurs in young children (,2 y old), shortly before or after their first seizure and is not related to ongoing seizures or interictal spikes. Follow-up PET studies showed that cortical hypermetabolism, in these cases, is a transient phenomenon and invariably switches to hypometabolism in older children. It has been hypothesized that interictal hypermetabolism in young children with SWS may reflect a transient increase of metabolic demand in cortex undergoing excitotoxic tissue damage. Affected children often (but not always) develop intractable seizures requiring surgical resection (62) , and it appears that the presence of early cortical hypermetabolism on PET may be an imaging marker of subsequent severe epilepsy, requiring early surgical intervention (62) . In some young patients, serial 18 F-FDG PET scans show rapidly progressing and severe hypometabolism in the affected area, probably because of rapid demise of the brain tissue associated with the angioma; these patients will have improvement in seizure status and paradoxic preservation of cognitive function and therefore may not require surgical intervention (Fig. 4) (63) . This observation suggests that functional reorganization occurs more readily when unilateral cortex is severely damaged at an early age. It is likely that rapid demise of the affected areas, especially at younger ages, can facilitate more effective reorganization. Indeed, 18 F-FDG PET studies demonstrated increased metabolism, likely indicating functional reorganization, in the contralateral occipital cortex of children with SWS and severe ipsilateral occipital damage (64) . On the other hand, persistent mild hypometabolism of the lesion may indicate ongoing functional disturbance and these patients may show persistent seizures and developmental arrest (65) . These are the patients who require surgical intervention for seizure control and possible cognitive improvement by promoting effective reorganization in the contralateral hemisphere while brain plasticity is still at a maximum during development. In SWS, detrimental metabolic changes occur mostly before 3-4 y of age (61), coinciding with a sharp increase in developmentally regulated cerebral metabolic demand (66) . Progressive hypometabolism is associated with high seizure frequency in these children. However, metabolic abnormalities may remain limited or even partially recover later in some children with well-controlled seizures. Metabolic recovery accompanied by neurologic improvement suggests a critical window for therapeutic intervention in children with unilateral SWS (61) .
SPECT Imaging. Perfusion SPECT, using 133 Xe, shows hyperperfusion in the lesion even before seizure onset (67) , analogous to the transient hypermetabolism seen on 18 F-FDG PET (60, 61) . After the age of 1 y, these areas typically show hypoperfusion, as revealed by another 133 Xe SPECT study (68) . In a single case report on a patient with failed functional hemispherectomy, ictal ethylcysteinate dimer SPECT showed hyperperfusion in the residual lesion with falsely lateralized EEG; further surgery resulted in freedom from seizures (69) .
Hemimegalencephaly
Hemimegalencephaly is a severe congenital malformation with a unilateral enlarged and defectively developed hemisphere and intractable seizures. PET and SPECT usually show a variable appearance in the involved hemisphere: hypo-or hypermetabolism on 18 F-FDG PET and hypo-or hyperperfusion on hexamethylpropyleneamine oxime or ethylcysteinate dimer SPECT, depending on the seizure status at the time of scanning. Early hemisphere disconnection in these children may lead to seizure control and improved cognitive development, provided the other hemisphere is normal. Therefore, the main role of PET or SPECT is the evaluation of the apparently normal hemisphere (Fig. 5 ). In children with hemimegalencephaly, 18 F-FDG PET often shows additional, less pronounced, abnormalities in the opposite hemisphere, which probably accounts for the suboptimal cognitive outcome even with complete seizure control after surgical removal of the profoundly abnormal hemisphere (70) . Thus, 18 F-FDG PET can be useful in such cases to assess the functional integrity of the contralateral hemisphere before hemispherectomy and help predict cognitive outcome.
Rasmussen Encephalitis and Epilepsy Related to Suspected Inflammatory Etiology
Rasmussen encephalitis is a rare form of chronic focal encephalitis characterized by intractable focal seizures, hemiplegia, and progressive encephalopathy, associated with inflam- mation and progressive atrophy of a single hemisphere. Because of the progressive neurologic deterioration that accompanies Rasmussen encephalitis, aggressive treatment is necessary, of which surgical hemispherectomy is the mainstay. Thus, early diagnosis is necessary. Progressive, lateralized cerebral hemiatrophy demonstrated by CT and MR imaging is the characteristic finding in Rasmussen encephalitis. However, during the early stages of the disease, structural imaging results may be normal. In this situation, functional neuroimaging using SPECT or PET scanning can detect functional abnormalities (65, 71, 72) .
PET Imaging. 18 F-FDG PET can show both hyper-and hypometabolism in cases of Rasmussen encephalitis, depending on the seizure status during the scan (73, 74) . It can particularly help in the unequivocal identification of the affected cerebral hemisphere in patients whose MR imaging findings are subtle or distributed bilaterally (75) . 18 F-FDG PET can further help in guiding the site of biopsy when indicated, thus assisting in earlier diagnosis. Interictal hypometabolism expands over time and usually precedes the anatomic changes, thus further helping to clarify the equivocal cases or assess the functional impairment and its evolution (73) . 18 F-FDG PET can demonstrate the order of progression of cerebral glucose metabolism abnormalities during the early and late stages of Rasmussen encephalitis (65) . During the early stages (,1 y from seizure onset), abnormal glucose metabolism is seen typically in the frontal and temporal regions and less frequently in parietal areas, whereas the posterior cortex is preserved. In the later stages of the disease (.1 y after onset of seizures), more extensive hemispheric involvement is seen, including the occipital cortex, but the functional abnormalities remained lateralized. Therefore, identification of the most involved areas by 18 F-FDG PET, even during the early stages when MR imaging findings are usually normal, may serve to guide the site of brain biopsy and, therefore, facilitate the diagnosis and early treatment of the disease. Neuroinflammation is the underlying cause for intractable epilepsy in Rasmussen encephalitis, as well as in some other epileptic conditions. Neuroinflammation is mediated by activated microglia, whose detection is not possible with current radiologic methods or biochemical techniques; however, they can be imaged with PET tracers binding to the activated microglia. 11 
is one such PET tracer that binds specifically to the translocator protein receptors, predominantly expressed by the activated microglia in cases of neuroinflammation, thus making the in vivo detection of neuroinflammation possible (76) . PET scanning using 11 C-PK11195 can help in the early diagnosis of Rasmussen syndrome or other inflammatory conditions with intractable seizures for which CT and MR imaging findings are often normal for several months after the clinical manifestation of the disease (Fig.  6 ). Localization of the most affected brain regions may also provide a guide in deciding the site of brain biopsy to avoid sampling errors and can help in the surgical removal of that region (77) .
SPECT Imaging. Perfusion SPECT shows hyper-or hypoperfusion of the affected cortex, depending on the seizure status during the tracer injection, and can guide the histopathologic evaluation or surgical planning (78) .
Neonatal Seizures
Seizures occur more frequently in the neonatal period than at any other time of life, and premature and low-birth-weight babies have a much higher rate of neonatal seizures than do full-term and FIGURE 5. 18 F-FDG PET scans of 2 patients with intractable epilepsy due to hemimegalencephaly, right-sided in patient 1 and left-sided in patient 2. Although contralateral hemisphere looks relatively normal in first patient, contralateral hemisphere in second patient looks abnormal, indicating functional impairment of this hemisphere also. Hemispherectomy will have much better outcome in first patient, but seizure and neurocognitive outcome will be poor in second patient. normal-birth-weight babies (79) . Further, neonatal seizures are a risk factor for refractory epilepsy during childhood, necessitating earlier diagnosis and intervention. The most important factor in the therapy of neonatal seizures is accurate diagnosis. In neonates with no obvious metabolic abnormality, structural imaging studies (particularly MR imaging) may be useful to detect major malformations that are associated with seizures. However, in this age group the diagnostic value of MR imaging in identifying subtle cortical developmental malformations-one of the commonest underlying causes of partial seizures-is limited. In fact, in children less than 2 y old, even macroscopic cortical malformations may not be apparent on MR imaging until myelination processes advance and the distinction between gray and white matter becomes clearer. The recognition of the underlying etiology of neonatal seizures is important because some etiologies indicate specific treatments that when implemented early in the course may improve neurologic outcome. Therefore, radionuclide imaging, such as PET, can play an important role in these cases by demonstrating metabolic abnormality when structural imaging may be equivocal because of the inherent limitation of these techniques in younger brains (Fig. 7) .
CONCLUSION
PET and SPECT can play an important role in the evaluation of various epileptic syndromes, particularly those with unknown causes, by revealing some underlying abnormalities, thus not only helping in understanding their etiopathogenesis but also assisting in developing and administering various therapeutic interventions, including resective surgery for intractable epilepsy.
